The green uorescent protein (GFP) from the jelly sh Aequorea victoria can be expressed in, and used to follow the fate of, Salmonella in microbiologically complex ecosystems such as food. As a rst step in the evaluation of GFP as a tool for the development of predictive models for naturally contaminated food, the present study was undertaken to compare the growth kinetics of parent and GFP-producing strains of Salmonella. A previously established sterile chicken burger model system was used to compare the growth kinetics of stationary-phase cells of parent and GFP strains of Salmonella Enteritidis, Salmonella Typhimurium, and Salmonella Dublin. Growth curves for constant temperatures from 10 to 488C were t to a two-or threephase linear model to determine lag time, speci c growth rate, and maximum population density. Secondary models for the growth parameters as a function of temperature were generated and compared between the parent and GFP strain pairs. The effects of GFP on the three growth parameters were signi cant and were affected by serotype and incubation temperature. The expression of GFP reduced speci c growth rate and maximum population density while having only a small effect on the lag times of the three serotypes. The results of this study indicate that the growth kinetics of the GFP strains tested were different from those of the parent strains and thus would not be good marker strains for the development of predictive models for naturally contaminated food.
The ease of collecting large amounts of kinetic data has made broth cultures the system of choice in predictive modeling studies. However, the effects of important food and microbial factors, such as the chemical composition of food, bacterial attachment, and microbial competition, on pathogen behavior cannot be completely emulated and modeled in a broth culture system. A major obstacle to the development of predictive models with naturally contaminated food is the dif culty in detecting and enumerating the pathogen of interest in a complex mixture of microorganisms in which the pathogen is usually present in very low numbers. To circumvent this problem, the food can be inoculated with a marker strain of the pathogen that possesses a phenotypic characteristic, such as luminescence (2) , antibiotic resistance (23) , or uorescence (12) , that makes it easy to detect and enumerate the pathogen on a viable cell count plate in the presence of other microorganisms. However, for the development of a successful predictive model, the marker strain of the pathogen should exhibit growth, survival, or inactivation kinetics that are not different from those of the parent strain from which it was derived.
The green uorescent protein (GFP) is a small polypeptide (27 kDa, 238 amino acids) from the jelly sh Aequora victoria that has been cloned (22) and expressed in both prokaryotic and eukaryotic cells (9, 15) . In bacterial applications, the gfp gene has been inserted in a low-copy plasmid (13) , in a high-copy plasmid (12) , and in the bacterial chromosome (26) . Colonies of bacterial cells expressing GFP can be easily detected and counted with the illumination of viable cell count plates with ultraviolet light (365 nm). This is a desirable characteristic for predictive model development because it allows the automated counting of large numbers of plates without the need for the addition of exogenous substrates, which would be required for luminescent marker strains, or lengthy con rmation tests, which would be required for purely antibiotic-resistant marker strains. In fact, automated counting of GFP colonies on agar plates in the presence of competing microorganisms can be accomplished by adding an external charge-coupled-device camera in a darkroom box equipped with an ultraviolet light to an automated colony counting system (unpublished data).
A number of studies (4, 11, 12, 14, 21, 27, 28) involving GFP-producing strains of bacteria have indicated that GFP expression does not alter the biochemical, morphological, or growth and survival characteristics of the bacterium. However, only anecdotal or limited (i.e., at one temperature) data regarding the effects of GFP expression on microbial growth are provided in these studies (4, 11, 12, 21) . Consequently, the objective of the present study was to conduct a systematic comparison of the growth kinetics of parent and GFP-producing strains of Salmonella over a broad range of temperatures. The hypothesis tested was that the GFP strains have growth kinetics that are not different from those of the parent strains and thus would be suitable marker strains for the construction of predictive models using naturally contaminated food.
MATERIALS AND METHODS
Strains. Dr. P. M. Fratamico (U.S. Department of Agriculture, Agricultural Research Service, Wyndmoor, Pa.) provided the parent and GFP-producing strains of Salmonella Enteritidis S1952, Salmonella Typhimurium TML, and Salmonella Dublin 15480 used in this study. A high-copy (pUC19) plasmid encoding the wild-type GFP from A. victoria and ampicillin resistance was introduced by calcium chloride precipitation into the parent strains to produce the GFP strains (12) . Stock cultures of the parent and GFP strains were maintained at 2708C in brain heart infusion broth (Difco Laboratories, Sparks, Md.) that contained 15% (vol/ vol) glycerol.
Challenge studies. Five microliters of the stock culture was inoculated into 5 ml of brain heart infusion broth for the parent strains and brain heart infusion broth plus 100 mg of ampicillin (Sigma Chemical Co., St. Louis, Mo.) per ml for the GFP strains. Stationary-phase cells for inoculation were obtained by incubating the cultures at 378C for 23 h under aerobic conditions (18) .
Stationary-phase cultures were diluted in buffered peptone water (Difco), and then 100 ml was inoculated into a well (1.2 cm 2 ) on the surface of sterilized (autoclaved at 1218C for 18 min) chicken breast (Salmonella Enteritidis) or thigh (Salmonella Typhimurium and Salmonella Dublin) burgers, which were prepared as previously described (19) . The target level of Salmonella was 10 6 CFU/cm 2 . Burgers were inoculated at 48C and then incubated at constant temperatures from 12 to 468C for Salmonella Enteritidis, from 10 to 488C for Salmonella Typhimurium, and from 10 to 448C for Salmonella Dublin. Each growth curve involved one strain and eight burgers.
At each sampling time, a chicken burger (6 g after autoclaving) was homogenized in a stomacher blender (model 400, Seward, London, UK) for 1 min in 94 ml of buffered peptone water. Undiluted and diluted homogenate (50 ml) was spiral plated (Whitely Automatic Spiral Plater, Don Whitley Scienti c, West Yorkshire, UK) onto brain heart infusion agar for the parent strains and onto brain heart infusion agar plus ampicillin (100 mg/ml) for the GFP strains. Ampicillin was included in the agar medium for the GFP strains so that only inoculated cells that retained the GFP plasmid (pGFP) after passage on chicken burgers without ampicillin were counted. Spiral plates were inverted and incubated at 308C for 24 h before automated colony counting was carried out (Protocol, Microbiology International, Frederick, Md.). Primary modeling. Viable cell counts (N, log CFU/ml of homogenate) were graphed as a function of sampling time (t, h) and then lag time (l, h); speci c growth rate (m, log CFU/h) and maximum population density (MPD; log CFU/cm 2 ) were determined by nonlinear regression (Prism, version 3.0, GraphPad Software Inc., San Diego, Calif.) with a two-or three-phase linear model (8) :
where N 0 is the initial viable cell count (log CFU/ml of homogenate) and t max is the time (h) at which MPD was reached.
Secondary modeling. Secondary models predicting lag time as a function of incubation temperature (T, 8C) were obtained by nonlinear regression (Prism) with a two-phase hyperbola model:
where p describes the change in lag time from q to , q is the T l min temperature (8C) at which lag time was in nite, m is a shape parameter, l min is the minimum lag time or bottom plateau of the lag time curve, and T is the incubation temperature (8C) at l min which lag time became minimal. The two-phase hyperbola model is a modi cation of an earlier modi cation (20) of the hyperbola model for lag time (34) . In the previous modi cation (20) , the shape parameter m was introduced to eliminate prediction bias at high incubation temperatures, whereas in the present modi cation a bottom plateau was introduced to better t the lag time data at high incubation temperatures. Secondary models predicting speci c growth rate as a function of T were obtained by nonlinear regression (Prism) with a cardinal temperature model (24) :
where T min is the minimum growth temperature (8C), T max is the maximum growth temperature (8C), T opt is the optimum growth temperature (8C), and m opt is the optimum speci c growth rate. Secondary models predicting MPD as a function of T were obtained by tting the data to the model of Wijtzes et al. (32) :
where a is a regression coef cient, T sub min is a temperature (8C) just below T min , and T sup max is a temperature (8C) just above T max . To achieve convergence of the curve ts, T min and T max were xed at constant values on the basis of the results of the secondarymodel ts for lag time and speci c growth rate.
Statistical analysis.
The original experimental design involved one growth curve at each 28C increment in temperature from 8 to 488C for the three pairs of parent and GFP strains. However, differences in the minimum and maximum growth temperatures were observed among the serotypes. Notably, Salmonella Enteritidis grew over a narrower temperature range than did Salmonella Typhimurium or Salmonella Dublin. Accurate determination of growth parameters was more dif cult at temperatures close to the growth and no-growth interfaces. Consequently, the nal temperature ranges for secondary-model development were narrower than originally planned and were slightly different among the serotypes. Although six strains were studied, statistical comparisons of secondary-model ts were limited to the parent and GFP strain pairs because the type of chicken meat (i.e., breast or thigh) used and the temperature range of the growth kinetic measurements were the same within but not between the parent and GFP strain pairs.
The secondary model ts for lag time, speci c growth rate, and MPD for the parent and GFP strain pairs were compared by an F test (17):
where SS c is the sum of squares of the curve t for the combined parent and GFP strain data, SS s is the sum of squares of the curve t for the parent strain plus the sum of squares of the curve t for the GFP strain, df c is the degrees of freedom for the curve t of the combined data, and df s is the degrees of freedom for the curve t for the parent strain plus the degrees of freedom for the curve t for the GFP strain. The curve ts were carried out with Prism, whereas the F test was conducted with a Microsoft Excel 2000 spreadsheet (Microsoft Corporation, Redmond, Wash.).
The parameters of the secondary-model ts for the parent and GFP strain pairs were compared by a t test with a Microsoft Excel 2000 spreadsheet (17):
where B p is the best-t value for the parent strain, B gfp is the bestt value for the GFP strain, SE p is the standard error of the bestt value for the parent strain, and SE gfp is the standard error of the best-t value for the GFP strain. P values of ,0.05 were considered signi cant for both the F test and the t test.
RESULTS
The MPD of the broth starter cultures was 1 to 1.5 log cycles lower for the GFP strains. To adjust for this difference, a 10 2 3 dilution of the parent strain cultures and a 10 2 2 dilution of the GFP strain cultures were used to inoculate the chicken burgers. The inoculation of these dilutions resulted in the initial density on the burgers being 0.5 log cycles lower (i.e., 5.5 versus 6 log CFU/cm 2 ) for the GFP strains than for the parent strains of Salmonella Enteritidis and Salmonella Typhimurium, whereas the initial density of the GFP strain of Salmonella Dublin was the same as that of the parent strain. In a separate study, the growth kinetics of the GFP strain of Salmonella Typhimurium at 258C were not different at initial densities of 5 and 6 log CFU per cm 2 (unpublished data). In addition, the effects of GFP on lag time, speci c growth rate, and MPD on the chicken burgers in the present study (see below) were generally similar among the serotypes, which suggested that the small difference in initial density between the parent and GFP strains of Salmonella Enteritidis and Salmonella Typhimurium did not grossly affect the results of this study. Differences in lag time on the chicken burgers were observed between the parent and GFP strains of Salmonella. Predicted lag time (i.e., the secondary-model curve t) was shorter (F 5 8.95, P , 0.05) for the GFP strain than for the parent strain of Salmonella Enteritidis at incubation temperatures of 16 to 468C (Fig. 1A) . Speci cally, the p parameter, which describes the rate of change in lag time as a function of temperature from q to T , was lower for l min the GFP strain than for the parent strain of Salmonella Enteritidis (Table 1 ). Other parameters of the two-phase hyperbola model for lag time did not differ between the parent and GFP strains of Salmonella Enteritidis ( Table 1 ). The l min value (minimum lag time, or the bottom plateau of the lag time curve as a function of temperature) was 2.01 h for the parent strain and 1.73 h for the GFP strain (Fig. 1A) . Whether l min values were statistically different between the parent and the GFP strains was not determined because the l min values were predicted (i.e., calculated from the secondary-model t) rather than best-t (i.e., obtained by tting the lag time data to the secondary model) values.
Differences in lag time between the parent and GFP strains of Salmonella Typhimurium were also observed. Predicted lag times were longer for the GFP strain at temperatures of 10 to 348C and shorter at temperatures of 36 to 468C (Fig. 1B) . The F test of the secondary-model ts indicated that the lag time of Salmonella Typhimurium was affected (F 5 10.84, P , 0.05) by GFP. Nonetheless, none of the parameters of the two-phase hyperbola model were statistically different between the parent and GFP strains of Salmonella Typhimurium (Table 1 ). The l min values were 1.55 h for the parent strain and 1.27 h for the GFP strain, and the results for Salmonella Enteritidis were similar.
Lag time for the parent and GFP strains of Salmonella Dublin appeared similar at most incubation temperatures (Fig. 1C) . Nonetheless, the F test indicated that the lag time for Salmonella Dublin was affected (F 5 49.6, P , 0.05) by GFP. Predicted lag times for the GFP strain were slightly longer or shorter than those for the parent strain, depending on the incubation temperature (Fig. 1C) . Only the q parameters (temperature where lag time was in nite) of the twophase hyperbola model were different between the parent and GFP strains of Salmonella Dublin ( Table 1 ). The l min values were 1.53 h for the parent strain and 1.27 h for the GFP strain of Salmonella Dublin. In summary, the effects of GFP on lag time were signi cant and slightly different among the serotypes of Salmonella. Whether GFP increased, decreased, or did not alter lag time depended on the incubation temperature and serotype. The most consistent observation was that l min was 0.26 to 0.28 h shorter for the GFP strains than for the parent strains. Thus, at high incubation temperatures, the GFP strains initiated growth slightly earlier than the parent strains did.
The effects of GFP on speci c growth rate were more consistent among the serotypes. The predicted speci c growth rate of the GFP strain of Salmonella Enteritidis was lower (F 5 63, P , 0.05) at all temperatures ( Fig. 2A) . The only parameter of the cardinal temperature model for speci c growth rate that was not affected by GFP expression was T min (Table 2 ). It is notable that the expression of GFP lowered T opt by 38C and reduced m opt by 0.17 log CFU/h.
As it did for Salmonella Enteritidis, GFP decreased (F 5 17.05, P , 0.05) the speci c growth rate of Salmonella Typhimurium at low (i.e., 10 to 228C) and high (i.e., 30 to 468C) incubation temperatures (Fig. 2B) . However, speci c growth rates were similar at ambient (24 to 288C) temperatures, which is consistent with the results of another study (unpublished data) in which speci c growth rates at 258C were not found to be different between the parent and GFP strains of Salmonella Typhimurium. The T min and T max parameters for speci c growth rate were similar for the parent and GFP strains; however, GFP lowered T opt by 68C, and GFP lowered m opt by 0.16 log CFU/h ( Table 2) .
The speci c growth rate of Salmonella Dublin was also reduced (F 5 25.1, P , 0.05) by GFP, with the extent of reduction increasing with incubation temperature (Fig. 2C) . Similar to the case for Salmonella Typhimurium, T min and T max for speci c growth rate were not affected by GFP expression, whereas T opt was decreased by 48C and m opt was reduced by 0.20 log CFU/h in the GFP strain (Table  2) .
Thus, GFP reduced speci c growth rate for the three serotypes tested. The magnitude of the reduction in speci c growth rate was dependent on the incubation temperature and the serotype. The most consistent effects were that GFP reduced T opt for speci c growth rate by 3 to 68C and decreased m opt by 0.17 to 0.2 log CFU/h. Not all of the growth curves exhibited three phases of growth. In some instances, sampling was not extended for enough time to detect the stationary phase. Consequently, MPD data were not obtained for all incubation temperatures. Nonetheless, as it did for the MPD of the broth starter cultures, GFP lowered (F 5 8.71 to 17.33, P , 0.05) the MPD on the chicken burgers (Fig. 3) . However, the only parameters of the secondary-model ts for MPD that were affected by GFP expression were T sup max for Salmonella Enteritidis and a and T sup max for Salmonella Dublin (Table  3) . Predicted MPDs were 1 to 2.4 log cycles lower for the GFP strain than for the parent strain of Salmonella Enteritidis (Fig. 3A) , 1 to 2 log cycles lower for the GFP strain than for the parent strain of Salmonella Typhimurium (Fig.  3B) , and 0 to 2 log cycles lower for the GFP strain than for the parent strain of Salmonella Dublin (Fig. 3C ).
DISCUSSION
The hypothesis tested in this study was that GFP expression does not alter the growth kinetics of Salmonella and that the GFP strains would therefore be suitable marker strains for the development of predictive models for naturally contaminated food. To test this hypothesis, predictive models for the growth of three parent and three GFP strains of Salmonella on sterile chicken burgers over a broad temperature range were developed and compared. The results of this study indicate that GFP expression altered lag time and speci c growth rate on sterile chicken burgers and that it altered MPD on sterile chicken burgers and in broth starter cultures. The effects of GFP on the growth of Salmonella were affected by serotype and incubation temperature, but in general, GFP expression reduced speci c growth rate and MPD while having a small and inconsistent effect on lag time. Thus, the hypothesis was rejected and it was concluded that the GFP strains of Salmonella tested would not be good marker strains for the development of predictive models for naturally contaminated food.
The failure of the three GFP strains tested to display growth kinetics similar to those of the parent strains may have resulted from the overexpression of GFP. The plasmid encoding GFP in the present study was a high-copy plasmid in which gfp was under the control of the lacZ promoter, for which most Salmonella do not have a lacI gene encoding for the lac repressor protein (25) . In fact, the addition of a lacZ inducer, isopropylthio-b-galactoside, to the agar medium in this study did not result in the enhanced uorescence of the GFP strain colonies (results not shown), which suggests that GFP was being constitutively expressed in the three serotypes tested. Crameri et al. (10) reported that GFP accounts for up to 75% of the total cellular protein in bacteria that constitutively express GFP. Such a high level of marker protein expression could slow growth and decrease MPD by creating a competition for and an eventual de ciency of essential nutrients (30) . Alternatively, hydrogen peroxide produced in the terminal reaction of GFP formation could create a toxic effect that could reduce speci c growth rate and MPD (30) .
Although the results of this study indicate that growth kinetics of the GFP strains tested are different from those of the parent strains and thus would not be good strains for the development of predictive models for naturally contaminated food, it should be possible to construct marker strains of Salmonella that do not overexpress GFP and grow in a manner similar to that of the parent strains. For example, if gfp were placed under the control of a different promoter, such as P BAD , that requires an inducer (i.e., arabinose) not found in food (3), the expression of GFP could be repressed during the growth of the pathogen on the food but could then be induced during the growth of the pathogen on the viable cell count plate through the inclusion of the inducer in the agar medium. Unlike other applications of GFP in which high levels of expression are needed for in situ detection of single cells (33) , lower levels of expression would be acceptable for the detection of GFP colonies on viable cell count plates. Thus, the use of a low-copy plasmid, such as pCM18 (13) , or the insertion of a single copy of the gfp gene into the pathogen's chromosome (29) , both of which result in lower expression of GFP than do highcopy plasmids, may be acceptable alternatives for the construction of GFP strains for predictive microbiology applications.
A limited number of studies have reported on the effects of GFP expression on microbial growth. Bae and Knudsen reported (1) that the mycelial growth of the fungus Trichoderma harzianum was slowed by GFP, consistent with the results of the present study. In contrast, Fratamico et al. (12) , who developed the GFP strains used in this study, reported that GFP did not alter the growth of Escherichia coli O157:H7 strains at 378C in broth culture. Likewise, Prachaiyo and McLandsborough (21) did not observe any difference in the growth kinetics of parent and GFP strains of E. coli O157:H7 in a laboratory medium incubated at 378C. Also, Bloemberg et al. (4) reported no effect of GFP on growth rate or MPD for Pseudomonas spp., and de Palencia et al. (11) reported no effect of GFP on growth rate or MPD for Lactococcus lactis in laboratory medium incubated at unspeci ed temperatures. Differences in microorganism types, plasmid constructs, test matrices, and other experimental conditions may explain the differences in results obtained in these studies and those obtained in the present study, in which speci c growth rate and MPD were signi cantly reduced at 378C on sterile chicken burgers. Notably, E. coli typically possesses lacI, and thus GFP expression may be lower than that in transformed Salmonella with gfp under the control of the lacZ promoter, as in the present study. Nonetheless, the aforementioned studies indicate that GFP strains that are suitable for predictive model development in naturally contaminated food may already exist. However, a more detailed (i.e., involving multiple temperatures) comparison of the parent and GFP strains from these studies may be warranted, as the effects of GFP expression on the growth kinetics of Salmonella were affected by incubation temperature and serotype in the present study.
In summary, GFP has great potential as a cellular tag to aid in following and modeling the growth kinetics of human pathogens in food. However, the expression of GFP needs to be designed such that overexpression or other unknown effects of GFP in pathogens growing on food does not compromise the rate and extent of growth. In the present study, the constitutive expression of GFP in three serotypes of Salmonella is offered as an explanation for the reduced speci c growth rates and MPDs of the GFP strains. A strategy is proposed for predictive microbiology applications of GFP in which the expression of GFP is repressed during the growth of the pathogen on food but is induced during the growth of GFP pathogens on viable cell count plates. The use of an inducible promoter or a low-copy plasmid or the insertion of a single copy of the gfp gene into the chromosome are proposed as possible solutions to the problem of overexpression of GFP during the growth of the GFP marker strains of Salmonella on food.
